We present experimental evidence of enhancement of second-harmonic generation as a result of an increase of the fundamental-field energy density within a multilayer structure near the photonic band edge.
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Despite the development of the newest directions for research, such as the possible existence of solitonlike pulse propagation at the Bragg frequency within the PBG (the so-called gap soliton), 3 the traditional directions in nonlinear optics, such as harmonic generation, 4 are of particular interest for the study of PC's. The second-harmonic generation (SHG) process in PC's has been studied mainly from the standpoint of the additional possibility of phase matching as a result of the involvement of a reciprocal lattice vector of the structure. 4 -6 For instance, in Refs. 4 and 5 it was suggested and demonstrated that enhancement of SHG can take place as a result of phase matching of the backward-traveling harmonic waves. The wavelength of the fundamental wave was tuned near the PBG, and the wavelength of the second-harmonic (SH) signal was tuned inside the passband. Phase-matching conditions could also be achieved if the SH signal was tuned near the PBG while the pump wave was far enough from the Bragg stop band. 6 Recently it was shown theoretically that enhancement of the SH signal in a PBG structure can be determined from an increase of the density of electromagnetic-field modes within the structure when the frequency of the fundamental field is near the photonic band edge. 7 However, Scalora et al. 7 considered only the simplified case in which the interacting waves are perpendicular to the PBG structure, whereas the distribution of field energy within the structure strongly depends on the angle of incidence and the polarization of the incoming field.
In this Letter we study SHG experimentally in a onedimensional PBG structure in which the wavelength of the fundamental radiation is fixed near the photonic band edge. We measure the SHG eff iciency versus the angle of incidence of p-and s-polarized incoming beams and show that the shape of the angular distribution of the intensity of the ref lected and the transmitted SH signals is in good agreement with the calculated angular dependence of the fundamental-field energy within the nonlinear layers of the structure. Thus we conclude that an enhancement mechanism connected directly with an increase of field energy has been realized.
The ZnS SrF 2 periodic structure that was used in the experiments consists of seven pairs of alternate layers of high (ZnS, n 1 2.29) and low (SrF 2 , n 2 1.52) refractive-index layers. X-ray diffraction analysis of the structure showed that the ZnS in the layers is present mainly in b-ZnS polycrystalline form and that the SrF 2 structure is closer to an amorphous form. The dimensions are chosen so that each layer has thickness d i 3l͞4n i at l 780 nm. This periodic structure strongly ref lects light at normal incidence in the wavelength range 745-830 nm.
We used an experimental setup based on a selfmode-locked Ti:sapphire laser pumped with an argonion laser with a wavelength centered at 780 nm, with a pulse duration of 100 fs and a pulse repetition rate of 100 MHz. A photomultiplier tube and the lock-in amplif ier technique were used for detection of the SH signal. We mounted the sample upon the rotary part of the goniometer to vary and align the incident angles. The laser beam was focused by a 20-cm lens onto the PBG sample. The power of the incident beam upon the sample was varied from 5 to 30 mW. Figure 1 shows the experimental fundamental and SH intensities ref lected from the structure as a function of the angle of incidence. All the curves are recorded for the wavelength of the incoming beam, 780 nm. This fundamental wavelength is tuned in the PBG for the normal light incidence. The SH frequency is away from any Bragg or absorbing resonance. The dashed curves are calculated from the theory described below. The angle is given relative to the normal of the multilayer structure. Experimental measurements of the fundamental and the SH intensities transmitted through the structure as a function of the angle of incidence are shown in Fig. 2 for both p-and s-incident fundamental-f ield polarizations. All curves for SH intensity are normalized to the experimental maximum of the SH signal in Fig. 1(b All the experimental data presented in the figures are normalized, but we point out the real enhancement of the SH signal in the PBG structure. This enhancement can be estimated to be more than 330 times relative to the single ZnS layer (with the same thickness d i 3l͞4n i at l 780 nm) deposited upon the same glass substrate.
We compare the experimental SH intensity curves with the calculated angular dependence of the square of the total energy of each Bragg mode within the nonlinear layers of the structure for both polarizations. We assume that the ZnS SrF 2 structure exhibits periodic modulation of the nonlinear parameters owing to the high nonlinearity of the ZnS layers in relation to the SrF 2 layer. The distribution of the fundamentalfield amplitudes inside the multilayer is found as a solution of the linear Maxwell equations because the SH amplitude is much less than the fundamental one. The process of light-matter interaction is described as a quasi-stationary process because of the large duration of the pulse compared with the time that it takes light to propagate through the structure. Then, the fundamental electric field is assumed to be E͑r, t͒ E͑r͒exp͑2ivt͒. The spatial distribution of the field inside the mth layer is given by the superposition of the forward and the backward plane waves:
where s m ͑n m 2 2 sin 2 q ͒ 1/2 , n m is the refractive index of the mth layer, k 0 2p͞l, q is the angle of incidence, and the direction of the z axis is taken as a positive into the layer. The boundary conditions for the tangential 
where g m exp͑ik 0 s m d m ͒, d m is the thickness of the mth layer, and
In Eq. (3), Q m 1 and Q m n m ͞n m11 for s-and p-polarized light, respectively. The recursion procedure [Eq. (2)] begins from the lower layer, for which R N 11 0, where N is the total number of layers. The layer with m 0 corresponds to a vacuum with n 0 1 and g 0 1.
By use of Eqs. (1) and (2), it is not hard to obtain the expression for calculation of the field amplitudes A m and B m R m A m , because
The recursion problem [Eq. (4) The dependence of the transmitted and the ref lected SH signal intensities on the incident angle is def ined by the total intensity of the forward and the backward fundamental waves within nonlinear layers. For our structure the thickness of the nonlinear layer ZnS is small compared with the coherent length l c p͞jk 2 2 2k 1 j, where k 2 and k 1 are the wave vectors of the harmonic and the pump waves. Then, in estimating these SH signals, it is enough to sum over the nonlinear layers the values jA m j 4 for transmitted waves and jB m j 4 for ref lected waves. In Figs. 1(b) , 1(d), 2(b), and 2(d) one can see that the positions of the measured SH peaks and the shapes of the curves agree well with the calculated curves. We point out that the theoretical calculations were so precise that normalizing them to the measured intensity only once [ Fig. 1(b) ] also yielded good agreement between theory and experiment.
In conclusion, we have observed enhancement of SH generation in one-dimensional photonic crystal with periodic distribution of quadratic nonlinearity near the photonic band edge. The mechanism of enhancement is the increase of the field at the fundamental frequency within the structure near the band edge. This increase leads to strong dependence of both the SH signal intensity shape and the positions of the peaks for different incoming light polarizations on the incident angle.
